ABSTRACT Pibrentasvir (ABT-530) is a novel and pan-genotypic hepatitis C virus (HCV) NS5A inhibitor with 50% effective concentration (EC 50 ) values ranging from 1.4 to 5.0 pM against HCV replicons containing NS5A from genotypes 1 to 6. Pibrentasvir demonstrated similar activity against a panel of chimeric replicons containing HCV NS5A of genotypes 1 to 6 from clinical samples. Resistance selection studies were conducted using HCV replicon cells with NS5A from genotype 1a, 1b, 2a, 2b, 3a, 4a, 5a, or 6a at a concentration of pibrentasvir that was 10-or 100-fold over its EC 50 for the respective replicon. With pibrentasvir at 10-fold over the respective EC 50 , only a small number of colonies (0.00015 to 0.0065% of input cells) with resistance-associated amino acid substitutions were selected in replicons containing genotype 1a, 2a, or 3a NS5A, and no viable colonies were selected in replicons containing NS5A from other genotypes. With pibrentasvir at 100-fold over the respective EC 50 , very few colonies (0.0002% of input cells) were selected by pibrentasvir in genotype 1a replicon cells while no colonies were selected in other replicons. Pibrentasvir is active against common resistance-conferring substitutions in HCV genotypes 1 to 6 that were identified for other NS5A inhibitors, including those at key amino acid positions 28, 30, 31, or 93. The combination of pibrentasvir with HCV inhibitors of other classes produced synergistic inhibition of HCV replication. In summary, pibrentasvir is a next-generation HCV NS5A inhibitor with potent and pan-genotypic activity, and it maintains activity against common amino acid substitutions of HCV genotypes 1 to 6 that are known to confer resistance to currently approved NS5A inhibitors.
H epatitis C virus (HCV) infects approximately 3 million individuals in the United
States and 180 million people worldwide (1, 2) . Seven HCV genotypes and Ͼ60 subtypes have been identified, each with a different geographic distribution (1) (2) (3) . Genotype 1 HCV accounts for approximately 45% of all infections worldwide, while genotype 3 is next in prevalence (1, 2) . A high prevalence of genotype 3 has been reported in Australia, South Asia, and a few European countries, while genotype 2 is more common in East and Southeast Asia (1, 2) . Genotype 4 is prevalent in Egypt and the Middle East (2, 4) . Genotypes 5 and 6 are found in South Africa and Southeast Asia, respectively. In the United States, genotype 1 accounts for 70% to 75% of all HCV infections. Patients chronically infected with HCV are at high risk of developing cirrhosis and hepatocellular carcinoma (5) . Successful treatment of HCV infection has been shown to significantly reduce the risk of liver disease progression and the development of hepatocellular carcinoma (6) .
Interferon alpha (IFN-␣)-based regimens used to be the standard of care for the treatment of chronic HCV infection, but the recent discovery and approval of direct-acting antiviral agents (DAAs) have revolutionized HCV treatment options (7) . Compared to IFN-␣-based regimens, DAA-containing regimens are associated with significant improvement in sustained virologic response (SVR) rate and safety profile. HCV DAAs approved since 2011 include HCV NS3/4A protease inhibitors (PIs), NS5A inhibitors, and nucleos(t)ide and nonnucleoside NS5B polymerase inhibitors (7) (8) (9) . While the success rate of HCV therapy has improved with combination regimens containing DAAs, most of these regimens are not effective for all HCV genotypes; some of them have reduced activity against certain baseline resistance-associated polymorphisms, and DAA-resistant amino acid substitutions can emerge in patients who experience on-treatment virologic breakthrough or posttreatment relapse (8) (9) (10) (11) (12) (13) (14) . There is a clear unmet medical need for a potent IFN-free regimen with efficacy in patients infected with different HCV genotypes, as well as in patients with virus containing baseline polymorphisms and/or DAA treatment-emergent substitutions.
The HCV NS5A protein plays multiple roles in supporting replication of HCV and is therefore an excellent target for the discovery of anti-HCV therapeutics. The HCV NS5A protein supports the replication of HCV by interacting with viral and cellular proteins to form the HCV replicase complex, the microorganelle that replicates HCV RNA (15) . Previous studies also indicate that NS5A plays a critical role in the later stages of the viral life cycle, including the assembly of viral particles into infectious virions (16) . Discoveries of a number of NS5A inhibitors with picomolar potency against several HCV genotypes in vitro have been reported, and results from studies with first-generation approved HCV NS5A inhibitors, including ombitasvir, daclatasvir, and ledipasvir, validated the clinical efficacy of NS5A inhibitors (17) (18) (19) . However, all currently approved NS5A inhibitors differ in their antiviral activities against different HCV genotypes and subtypes (20) (21) (22) (23) (24) (25) .
In this report, we describe the in vitro properties of the novel HCV NS5A inhibitor pibrentasvir (ABT-530) (Fig. 1) . We evaluated the activity of pibrentasvir in stable HCV replicons containing NS5A from genotypes 1 to 6 and in transiently replicating HCV replicons containing NS5A from HCV-infected patient samples across different genotypes. We also identified and characterized resistance-associated amino acid substitutions selected by pibrentasvir in HCV replicons containing NS5A from genotypes 1 to 6. Furthermore, we tested the activity of pibrentasvir against replicons containing NS5A from genotypes 1 to 6 with amino acid substitutions that confer resistance to other NS5A inhibitors and examined the antiviral effect of the combination of pibrentasvir with HCV inhibitors of other classes.
RESULTS

Antiviral activity and therapeutic index of pibrentasvir in vitro.
Pibrentasvir demonstrated picomolar and pan-genotypic antiviral activity against a panel of stable replicons with NS5A sequences from HCV genotypes 1 to 6. Pibrentasvir inhibited HCV genotype 1a-H77, 1b-Con1, and 2a-JFH-1 subgenomic replicons with 50% effective concentrations (EC 50 s) of 1.8, 4.3, and 5.0 pM, respectively; EC 50 s ranged between 1.4 and 2.8 pM against chimeric stable replicons containing NS5A derived from HCV genotypes 2a, 2b, 3a, 4a, 5a, and 6a (Table 1 ). The antiviral activity of pibrentasvir was attenuated 35-to 47-fold in the presence of 40% human plasma through sequestration of compound due to plasma protein binding. The 50% cytotoxic concentration (CC 50 ) value of pibrentasvir in an HCV genotype 1a replicon cell line was Ͼ32,000,000 pM, producing an in vitro therapeutic index that exceeded 10 7 -fold ( Table 2 ). The pibrentasvir CC 50 values measured in two additional cell lines, HepG2 and MT4, were Ͼ10,000,000 pM (Table 2) . Pibrentasvir had no measurable antiviral activity against either human immunodeficiency virus type 1 (HIV-1) or hepatitis B virus (HBV) in vitro (HIV-1 EC 50 , Ͼ900,000 pM; HBV EC 50 , Ͼ32,000,000 pM) ( Table 1) .
To characterize the breadth of coverage of pibrentasvir against HCV clinical samples, the phenotypic susceptibility of a panel of replicons containing NS5A genes from HCV-infected patients was evaluated (Table 3 ). This panel consisted of 6 to 14 patient samples for each of the 1a, 1b, 2a, 2b, 3a, and 4a genotypes but fewer samples for genotypes 5a, 6a, 6e, and 6p due to limited availability. Some of these samples had amino acid polymorphisms within the NS5A N-terminal region at positions associated with resistance to some NS5A inhibitors (10, 13, 14) . For example, methionine (M) and leucine (L) are commonly seen at NS5A amino acid position 31 of genotype 2; genotype 2a and 2b samples with NS5A M31 are less susceptible to daclatasvir, ledipasvir, and elbasvir than those with L31 (23, 26) . In the panel of patient samples that we analyzed, 5/6 of the genotype 2a and 4/11 of the genotype 2b samples had M31 in NS5A. In genotype 3a samples, 3/14 and 2/14 samples had A30K and Y93H, respectively, which are associated with resistance to different NS5A inhibitors (21, 22, 25, (27) (28) (29) . Despite the presence of NS5A polymorphisms in some of these clinical samples, pibrentasvir retained its activity against this panel of replicons, with the median EC 50 s ranging from 0.50 to 2.7 pM (n ϭ 64).
Selection of amino acid substitutions by pibrentasvir in stable replicons of HCV genotypes 1 to 6. To determine the in vitro resistance profile of pibrentasvir, drugresistant colony selection was conducted with pibrentasvir in HCV replicons containing NS5A from genotype 1a, 1b, 2a, 2b, 3a, 4a, 5a, or 6a. Amino acid substitutions identified in colonies after selection with pibrentasvir treatment are reported in Table 4 . For genotype 1a drug-resistant colony selection, 0.0065% or 0.0002% of the input replicon cells survived treatment at a concentration of pibrentasvir that was 10-or 100-fold above its EC 50 , respectively. With pibrentasvir at 10-fold over the EC 50 , the major genotype 1a amino acid substitution selected in NS5A was Y93H, seen in 90% (18/20) of the colonies analyzed after resistance selection. With pibrentasvir at 100-fold over the EC 50 , only four genotype 1a drug-resistant colonies survived out of 2 ϫ 10 6 input cells, with different amino acid substitutions in NS5A for each colony: Q30D, Q30 deletion, Y93D, and the double substitution H58DϩY93H. In genotype 1b replicon cells, no resistant colonies were selected by pibrentasvir at 10-fold over the EC 50 , and therefore, no selection was performed at higher concentrations. Similar selection studies were performed in cells with HCV chimeric replicons containing NS5A from genotype 2a, 2b, 3a, 4a, 5a, or 6a with pibrentasvir at 10-or 100-fold above its EC 50 s for the respective replicon cells (Table 4) . A small number of the input replicon cells containing NS5A from genotype 2a or 3a, 0.00015% or 0.0003%, respectively, survived the selection with 10-fold the pibrentasvir EC 50 . No colonies with resistance-associated substitutions were selected in replicons containing NS5A from genotype 2b, 4a, 5a, and 6a at 10-fold over the respective pibrentasvir EC 50 concentrations. Selection with 100-fold over the respective pibrentasvir EC 50 concentrations did not produce any resistant colonies in replicon cells containing NS5A from genotype 2a, 2b, 3a, 4a, 5a, or 6a. Some replicon cells containing genotype 2b, 3a, or 4a NS5A 50 could not be determined due to low replication efficiency of the replicon containing the amino acid substitution.
were observed at the completion of 10-fold EC 50 selection study, but they did not form colonies and were not viable during subsequent passaging; no NS5A amino acid substitutions were detected in these cells. For drug-resistant colony selection with replicon cells containing genotype 2a NS5A, only three colonies out of 2 ϫ 10 6 input cells survived the 10-fold EC 50 selection: two colonies harbored F28SϩM31I, and one colony had P29SϩK30G. Three replicon colonies containing genotype 3a NS5A survived 10-fold EC 50 selection out of 1 ϫ 10 6 input cells; all colonies contained Y93H.
Activity of pibrentasvir against HCV replicons containing NS5A substitutions selected by pibrentasvir in vitro. Most viruses that emerge upon virologic failure during or after DAA treatment of HCV-infected patients contain amino acid substitutions that confer resistance to the DAAs used for treatment (13, 14) . The susceptibility to pibrentasvir of HCV replicons engineered with specific NS5A amino acid substitutions observed during in vitro resistance selection with pibrentasvir has been assessed in transient replicon assays (Table 4) .
Genotype 1a Y93H and Y93N substitutions each conferred approximately a 7-fold loss in susceptibility to pibrentasvir, consistent with their selection at 10-fold, but not at 100-fold, over the EC 50 . Generation of either the single amino acid substitution Q30D or the double substitution H58DϩY93H requires two nucleotide changes in the NS5A coding sequence. The higher genetic barrier to the generation of these substitutions is consistent with their low prevalence (only 1 colony each) in the resistance selection study. The Q30D and H58DϩY93H amino acid substitutions conferred 94-and 2,238-fold losses in susceptibility to pibrentasvir, respectively. Of note, genotype 1a H58D by itself does not confer resistance to pibrentasvir (Table 5) , and Y93H alone confers a 6.7-fold loss in susceptibility to pibrentasvir (Table 4) .
Genotype 2a colonies that survived treatment with pibrentasvir at 10-fold over the EC 50 harbored the double amino acid substitution P29SϩK30G or F28SϩM31I (Table 4) . Genotype 2a substitution F28S, P29S, K30G, or M31I alone either decreased viral replication efficiency substantially in vitro or did not impact susceptibility to pibrentasvir (Table 6 and unpublished data), whereas the rare double substitution P29SϩK30G (one colony) or F28SϩM31I (two colonies) conferred a 2.3-fold or 14,448-fold loss in susceptibility to pibrentasvir, respectively. All of the three genotype 3a colonies selected by pibrentasvir contained Y93H, which conferred a 2.3-fold loss in susceptibility to pibrentasvir.
Activity of pibrentasvir against HCV replicons containing NS5A of genotypes 1 to 6 with amino acid substitutions that confer resistance to other NS5A inhibitors. To investigate if pibrentasvir is active against common amino acid substitutions known to confer resistance to other NS5A inhibitors, its activity was evaluated in transient replicon assays against a panel of substitutions observed in genotype 1-infected patients treated with the NS5A inhibitor daclatasvir, elbasvir, ledipasvir, ombitasvir, or velpatasvir (13, 14, 21, 22, 24, 27, 30, 31) . This panel included resistance-associated single, double, or triple substitutions in NS5A at amino acid positions 28, 30, 31, 32, 58, and/or 93, which confer different levels of resistance (EC 50 s of 5 to 50,000 pM) to these NS5A inhibitors. Pibrentasvir retained full activity against all of the genotype 1a and 1b single-position NS5A substitutions tested, except Y93H and Y93N in genotype 1a, which conferred a Յ7-fold increase in EC 50 to pibrentasvir (EC 50 s, Յ5.1 pM). Pibrentasvir demonstrated little loss in activity against most of the double or triple amino acid substitutions tested (Table 5 ). For the double or triple amino acid substitutions that conferred resistance to pibrentasvir, the EC 50 s were Յ187 pM.
Pibrentasvir was also tested against replicons of genotype 2 to 6 containing a panel of NS5A amino acid substitutions that have been reported to confer resistance to daclatasvir, elbasvir, ledipasvir, ombitasvir, and/or velpatasvir (13, 14, 21, 22, 24, 30, 31) . This panel included substitutions at NS5A amino acid position 24, 28, 29, 30, 31, 58, or 93 (Table 6 ). Pibrentasvir was active against all of these substitutions in NS5A of genotypes 2 to 6, with EC 50 s of Ͻ2 pM. Of note, pibrentasvir retained its activity against common substitutions at amino acid position 31 in genotype 2, as evidenced by its activity against the wild-type genotype 2a and 2b replicons which had M31 and L31, respectively, as well as the L31M and L31V substitutions in genotype 2b (Table 6 ). Genotype 3a Y93H, which confers Ն200-fold resistance to other NS5A inhibitors (21, 22, 25, 28, 31) , conferred a 2.3-fold change in susceptibility to pibrentasvir.
Activity of pibrentasvir against HCV replicons containing amino acid substitutions that confer resistance to HCV protease or polymerase inhibitors. The potential for cross-resistance of pibrentasvir with HCV inhibitors of different DAA classes was assessed using a transient-transfection replicon assay with replicons containing key resistance-associated amino acid substitutions for NS3/4A protease or NS5B polymerase inhibitors ( Table 7) . The NS3 substitutions R155K, D168A, and D168V in genotype 1a and R155K, A156T, and D168V in genotype 1b that confer resistance to different NS3/4A PIs, including telaprevir, boceprevir, simeprevir, asunaprevir, paritaprevir, and/or grazoprevir (14) , remained fully susceptible to inhibition by pibrentasvir. Similarly, the NS5B polymerase resistance-associated substitutions C316Y, M414T, Y448C, Y448H, S556G, and S559G in genotype 1a and S282T, C316Y, Y448H, and S556G in genotype 1b did not confer any resistance to pibrentasvir. Among these NS5B amino acid substitutions, S282T is the key substitution associated with resistance to the nucleotide analog polymerase inhibitor sofosbuvir whereas the other substitutions are associated with resistance to the nonnucleoside polymerase inhibitor dasabuvir (32, 33) .
Combination studies of pibrentasvir with HCV inhibitors of other classes in HCV replicon cells. The antiviral effects of the combination of pibrentasvir with HCV 19 M) . The inhibitory effects produced by each compound alone and in combination at concentrations up to approximately 8-fold above or below their respective EC 50 s were compared using a checkerboard combination format. Based on MacSynergy II analysis, the combinations of pibrentasvir with these HCV inhibitors resulted in minor or moderate synergistic antiviral activity (Table 8) .
DISCUSSION
Pibrentasvir is a next-generation NS5A inhibitor with potent (EC 50 s, 1.4 to 5.0 pM) and pan-genotypic antiviral activity against HCV replicons containing NS5A from all major HCV genotypes. Pibrentasvir demonstrated similar in vitro antiviral activities against replicons with NS5A from a panel of clinical samples of genotypes 1 to 6, indicating that pibrentasvir can inhibit HCV with clinically relevant sequence diversity in NS5A. In addition, pibrentasvir retained its activity against common NS5A amino acid substitutions that confer resistance to other NS5A inhibitors. It also demonstrated a high genetic barrier to resistance, selecting a small number or no colonies with resistance-conferring amino acid substitutions in replicons containing NS5A from genotypes 1a, 1b, 2a, 2b, 3a, 4a, 5a, and 6a. Pibrentasvir was active against key resistance- associated amino acid substitutions for NS3/4A PIs or NS5B polymerase inhibitors. The combination of pibrentasvir with HCV inhibitors of other classes produced synergistic antiviral activity in vitro. Pibrentasvir demonstrates improved pan-genotypic anti-HCV activity compared to all currently approved NS5A inhibitors. Ledipasvir has EC 50 s of 4 to 31 pM for genotype 1 but has reduced potency against other genotypes, especially for genotypes 2a and 3a (EC 50 s, Ն16,000 pM) (20) . Genotype 2 with the common NS5A M31 polymorphism is less susceptible to daclatasvir than genotype 2 with NS5A L31 (genotype 2a with M31, EC 50 of 6,700 pM; genotype 2b with M31, EC 50 of 64,000 pM) (26) . Genotype 2b with the NS5A M31 polymorphism is also less susceptible to elbasvir (EC 50 , 3,000 pM) than genotype 2b with L31 (23) . The EC 50 s of ombitasvir against chimeric replicons containing NS5A from genotypes 1 to 5 range from 2 to 12 pM, and ombitasvir retains activity against the genotype 2 NS5A M31 polymorphism, but its EC 50 against a genotype 6a NS5A chimeric replicon is 366 pM (22) . The genotype 2 NS5A M31 polymorphism has no impact on the activity of pibrentasvir (genotype 2a with M31, EC 50 of 2.3 pM). The recently approved NS5A inhibitor velpatasvir has an EC 50 of 75 pM against genotype 5, while the EC 50 values range from 6 to 15 pM against the other genotypes (21).
Pibrentasvir selected a small number of drug-resistant colonies in replicons containing NS5A from genotypes 1 to 6. Among the colonies selected by pibrentasvir, quite a number harbored substitutions resulting from two nucleotide changes (e.g., genotype 1a H58DϩY93H or Q30D, and genotype 2a P29SϩK30G or F28SϩM31I) and were present at very low prevalence (1 to 2 colonies out of 2 ϫ 10 6 input cells). This is consistent with the resistance data shown in Tables 5 and 6 that pibrentasvir maintained activity against common substitutions in NS5A of genotypes 1 to 6 resulting from single nucleotide changes but may have reduced activity against some of the double or triple amino acid substitutions, the generation of which requires overcoming a genetic barrier higher than that of a substitution resulting from a single nucleotide change.
Pibrentasvir has an improved resistance profile compared to the profiles of other NS5A inhibitors. Pibrentasvir maintains its potency in vitro against most of the resistance-associated substitutions detected in genotype 1-infected patients who have failed an NS5A inhibitor-containing regimen. Among the genotype 1 substitutions tested as shown in Table 5 , the single-position NS5A substitutions, including M28T/V, Q30E/H/R, L31M/V, P32L, H58D, and Y93C/H/N, confer different levels of resistance to other NS5A inhibitors (13, 14, 20-22, 24, 30, 31) , but all of them are susceptible to inhibition by pibrentasvir. Of note, genotype 1a Y93C, Y93H, and Y93N substitutions confer high levels of resistance to approved first-generation NS5A inhibitors (daclatasvir, ombitasvir, and ledipasvir), with EC 50 s ranging from 4,500 to 500,000 pM (22, 35, 36) . Even for the newer NS5A inhibitors elbasvir and velpatasvir, Y93H and Y93N confer 220-to 2,800-fold resistance (27, 37) . In contrast, Y93C confers no resistance to pibrentasvir, while Y93H and Y93N each confers only a 7-fold resistance, resulting in an EC 50 of 5 pM. In HCV-infected patients who have failed an NS5A inhibitor-containing regimen, it is more common to detect viral variants with single-position NS5A substitutions than those with double or triple substitutions (22, 35, 36) . However, if multiple-position substitutions are generated, they usually confer a high level of resistance (200-to Ͼ30,000-fold) to NS5A inhibitors (12, 22, (35) (36) (37) . Although pibrentasvir has reduced activity against some of the genotype 1 double or triple substitutions seen clinically with other NS5A inhibitors, the impact of these substitutions on pibrentasvir EC 50 s (Յ260-fold decrease) is less, in some cases substantially less, than the effects on the other NS5A inhibitors.
Pibrentasvir also retained its activity when tested against a panel of chimeric replicons containing NS5A from genotypes 2 to 6 with substitutions at amino acid position 24, 28, 30, 31, 58, or 93, which conferred resistance (20-to Ն100,000-fold) to ombitasvir, daclatasvir, and ledipasvir (22, 24, 25, 28) . Some of these substitutions have also been reported to confer resistance to elbasvir and velpatasvir (21, 31) . Among the non-genotype 1 substitutions tested, Y93H in genotype 3a confers a high level of resistance (20-to Ͼ2,500-fold) to other NS5A inhibitors (daclatasvir, ledipasvir, ombitasvir, elbasvir, and velpatasvir) (21, 22, 25, 28, 31) but has little impact on the potency of pibrentasvir (2.3-fold increase in EC 50 ). In addition, the common genotype 2 polymorphism M31, which confers resistance to daclatasvir, ledipasvir, and elbasvir, as discussed above (23, 24, 26) , has no impact on the activity of pibrentasvir.
The potent anti-HCV activity and high genetic barrier to development of drug resistance observed with pibrentasvir in vitro have translated into robust potency in vivo. Pibrentasvir has been evaluated in a 3-day dose-ranging monotherapy study in genotype 1-infected treatment-naive adults. The mean maximal decrease in HCV plasma RNA from the baseline at the end of the 3-day monotherapy was Ն4.1 log 10 IU/ml for daily doses of 40 to 400 mg, with a 4.5-log 10 IU/ml decrease for the 120-mg dose selected for phase 3 clinical studies (38) . This viral load decline compares favorably with declines observed for monotherapy studies for other NS5A inhibitors (17) (18) (19) 39) . Importantly, during this monotherapy study, NS5A amino acid substitutions emerged in only 3 out of the 40 (7.5%) patients, all of whom had received 120 or 400 mg of pibrentasvir (40) . This low rate of emergence of amino acid substitutions during monotherapy is consistent with the high genetic barrier to resistance observed for pibrentasvir in vitro.
The combination of pibrentasvir with glecaprevir, a next-generation HCV NS3/4A PI, resulted in moderate synergy in vitro. Pibrentasvir has been coadministered with glecaprevir in clinical studies, and in SURVEYOR-I and SURVEYOR-II studies the opti-mized combination (300 mg of glecaprevir and 120 mg of pibrentasvir) achieved high SVR rates (modified intent-to-treat [mITT] SVR of Ն97%) in treatment-naive noncirrhotic patients with HCV genotype 1, 2, 3, 4, 5, or 6 infection (41-43). The combination of glecaprevir and pibrentasvir has also been studied in noncirrhotic genotype 1-infected patients who had failed a prior DAA-containing regimen in the MAGELLAN-I study (44) . The majority of the patients had detectable resistance-associated amino acid variants (polymorphisms and/or substitutions) before the treatment with glecaprevir and pibrentasvir in the study, especially variants in NS5A, which have been reported to persist for years after treatment (35, 45, 46) . Both glecaprevir and pibrentasvir have been shown in vitro to be active against HCV replicons with amino acid substitutions that confer resistance to first-generation NS3/4A PIs and NS5A inhibitors, respectively (34); thus, the combination of glecaprevir and pibrentasvir is expected to be efficacious for patients who are infected with HCV harboring substitutions that confer resistance to these DAAs. The combination of glecaprevir and pibrentasvir, indeed, demonstrated robust efficacy (mITT SVR of 96%) in HCV genotype 1-infected patients who had previously failed a DAA-containing regimen, regardless of the diverse profile and high prevalence of NS3 and/or NS5A resistance-associated polymorphisms/substitutions among these patients prior to the study (44) .
In summary, the potent anti-HCV activity of pibrentasvir against replicons containing NS5A from genotypes 1 to 6 and the favorable pibrentasvir resistance profile in vitro have made pibrentasvir an excellent candidate to be combined with HCV inhibitors of other classes for the treatment of chronic HCV infection. Phase 2 clinical studies evaluating coadministration of glecaprevir and pibrentasvir have yielded robust SVR rates in treatment-naive noncirrhotic patients infected with HCV genotypes 1 to 6 (mITT SVR of Ն97%), as well as in genotype 1-infected patients who had failed a prior DAA-containing regimen (mITT SVR of 96%). These encouraging results provide the basis for the investigation of this combination regimen in larger cohorts of noncirrhotic and cirrhotic patients infected with HCV of genotypes 1 to 6, with or without a history of treatment with a DAA-containing regimen, in ongoing phase 3 clinical studies. (Fig. 1) , and glecaprevir (ABT-493; identified by AbbVie and Enanta) were synthesized at AbbVie. IFN-␣ and ribavirin were purchased from Sigma-Aldrich (St. Louis, MO).
MATERIALS AND METHODS
Compounds
Antiviral activity of pibrentasvir in HCV stable replicon cells. Pibrentasvir was tested against nine stable HCV subgenomic replicon cell lines using a luciferase reporter assay as described previously (22) . These include genotype 1a-H77 (GenBank accession number NC_004102), genotype 1b-Con1 (GenBank accession number AJ238799), genotype 2a-JFH-1 (GenBank accession number AB047639), and six chimeras of genotype 1b-Con1 containing the N-terminal region of NS5A from genotype 2a, 2b, 3a, 4a, 5a, or 6a (22) . All replicon constructs were bicistronic subgenomic replicons similar to those described by Bartenschlager and coworkers, and the stable replicon cell lines were generated by introducing these constructs into the Huh-7 human hepatoma cell line (47) . The inhibitory effect of pibrentasvir on HCV replication in replicon cells was determined in Dulbecco's modified Eagle's medium (DMEM) containing 5% fetal bovine serum with or without 40% human plasma (Bioreclamation, Westbury, NY). The cells were incubated with pibrentasvir for 3 days and were subsequently lysed and processed according to the manufacturer's instructions to measure luciferase reporter activity (luciferase assay system; Promega, Madison, WI) using a Victor II luminometer (Perkin-Elmer, Waltham, MA). The 50% effective concentration (EC 50 ) value was calculated using nonlinear regression curve fitting to the four-parameter logistic equation in GraphPad Prism, version 4/5, software.
Cytotoxicity of pibrentasvir. The cytotoxicity of pibrentasvir was determined by an MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] (Sigma-Aldrich, St. Louis, MO) colorimetric assay. Briefly, Huh-7 cells containing genotype 1a replicon or HepG2 cells (4,000 cells/well) were plated in 96-well plates and incubated overnight before the addition of pibrentasvir. For MT4 cells, 10,000 cells/well were plated immediately before the addition of pibrentasvir. Detection of cytotoxicity with MTT and calculation of the pibrentasvir 50% cytotoxicity concentration (CC 50 ) value were performed as previously described (22) .
Activity of pibrentasvir against human immunodeficiency virus 1 and hepatitis B virus. Antiviral activity assays for HIV-1 and HBV were performed at Southern Research Institute. Pibrentasvir was tested in an HIV-1 antiviral cytoprotection assay using CEM-SS cells and the IIIB strain of HIV-1. Briefly, virus and cells were mixed in the presence of pibrentasvir or zidovudine (AZT; positive control) and incubated for 6 days. The titers of the virus were determined beforehand such that the virus-infected control wells exhibited approximately 85% to 95% loss of cell viability due to virus replication. Therefore, antiviral effect or cytoprotection was observed when a compound prevented virus replication. Six days after infection, 20 to 25 l of MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt] reagent was added per well, and the microtiter plates were then incubated for 4 to 6 h to assess cell viability. Plates were read spectrophotometrically at 490/650 nm with a Molecular Devices Vmax or SpectraMax Plus plate reader.
The anti-HBV assay employed real-time quantitative PCR (qPCR; TaqMan) to directly measure extracellular HBV DNA copy number. Briefly, HepG2 2.2.15 cells were plated in 96-well microtiter plates. After 16 to 24 h the confluent monolayer of cells was washed, and the medium was replaced with complete medium containing serial dilutions of pibrentasvir or lamivudine (3TC; positive control). Three days later the culture medium was replaced with fresh medium containing the same compound. Six days following the initial administration of test compounds, the cell culture supernatant was collected and treated with pronase, and the HBV precore/core region was amplified in a real-time quantitative TaqMan qPCR assay. Antiviral activity expressed as the EC 50 was calculated from the reduction in HBV DNA levels.
Antiviral activity of pibrentasvir against HCV replicons containing NS5A from HCV-infected patients. The activity of pibrentasvir against HCV NS5A from individual patients infected with HCV genotypes 1 to 6 was determined by testing the susceptibility of a panel of genotype 1b Con1 replicon-based shuttle vector constructs containing the respective NS5A genes. Descriptions of the replicon shuttle vectors and the transient replicon assay have been reported previously (22) . For the analysis of patients' NS5A sequences, we define a polymorphism as an amino acid difference in a sequence of a baseline sample relative to the sequence of the appropriate reference sequence. Polymorphisms were assessed at the following amino acid positions that are associated with resistance to the NS5A inhibitor class: 24, 28, 29, 30, 31, 32, Selection of amino acid substitutions conferring resistance to pibrentasvir in replicon cells. Resistance selection was conducted with HCV stable replicon cells containing NS5A from genotype 1a-H77, 1b-Con1, 2a, 2b, 3a, 4a, 5a, or 6a as described previously (22) . One million replicon cells were plated in 150-mm cell culture plates and grown in the presence of G418 (400 g/ml) and pibrentasvir or ombitasvir (control) at a concentration that was either 10-or 100-fold above the EC 50 for the respective replicon cell line. The medium was replaced with fresh medium containing G418 and pibrentasvir or ombitasvir every 3 to 4 days. After approximately 3 weeks of treatment, replicon cells that were cleared of replicon RNA were unable to survive in G418-containing medium while replicon cells containing drug-resistant amino acid substitutions survived and formed colonies. To characterize the HCV replicons present in the colonies that survived the drug selection, 20 colonies, or all of the surviving colonies if there were fewer than 20, were picked from each treatment condition and expanded for genotypic characterization. The expanded colonies were lysed in CellsDirect lysis buffer (Invitrogen, Waltham, MA), and the NS5A coding region from each colony was amplified by reverse transcription-PCR (RT-PCR) using gene-specific primers. For genotype 1a and 1b colonies, the full-length NS5A sequence was determined, whereas for colonies with a chimeric replicon containing the N-terminal region of NS5A from genotype 2a, 2b, 3a, 4a, 5a, or 6a, the sequence encoding the NS5A N-terminal region was determined. The amplified samples were sequenced using an ABI Prism dye terminator ready reaction cycle sequencing kit and were analyzed on an Applied Biosystems 3100 genetic analyzer. Following translation of DNA sequence to amino acid sequence, the HCV sequences were then compared with those of the corresponding untreated HCV replicon cells. We define a substitution in a replicon as an amino acid difference in a sequence from a posttreatment sample relative to the sequence of the corresponding untreated sample. For resistance selection studies, substitutions associated with resistance to the NS5A inhibitor class at the following amino acid positions were examined: 24, 28, 29, 30, 31, 32, 6 . In addition to these listed positions, NS5A substitutions at other amino acid positions that were detected in more than one colony and conferred Ն2-fold increase in pibrentasvir EC 50 s are also reported.
Effects of amino acid substitutions on the antiviral activity of pibrentasvir in HCV replicon cells. HCV replicons were constructed with mutations encoding amino acid substitutions of interest in NS5A (genotypes 1 to 6) as well as those in NS3 or NS5B (genotype 1 only) to evaluate their susceptibility to pibrentasvir in transient replicon assays, as previously described (22) . Mutagenesis was performed by using a Change-IT Multiple Mutation site-directed mutagenesis kit (USB) or by cloning a synthesized DNA fragment encoding the amino acid substitution(s). After mutagenesis was confirmed by sequence analysis, the plasmids were linearized and transcribed using a TranscriptAid T7 High Yield Transcription kit (Fermentas, Waltham, MA). Huh-7 cells were transfected with the replicon RNAs; inhibition of replication of these HCV replicons by pibrentasvir was measured using a luciferase assay. Replication efficiency was calculated as a percentage of wild-type replication as described previously (22) .
Combination of pibrentasvir with HCV inhibitors of other classes in HCV replicon cells. The combination of pibrentasvir with HCV inhibitors of other classes was studied in genotype 1b-Con1 replicon cells to determine if the combinations produced synergistic, additive, or antagonistic antiviral effects. Each compound was serially diluted 2-fold, and 6 dilutions of pibrentasvir were combined with 6 dilutions of another HCV inhibitor according to the checkerboard method (48) . The concentrations tested were chosen to ensure that the EC 50 value of each compound was in the middle of the serial dilution range. The extent of replication of the HCV replicon was determined by a luciferase reporter assay. The resulting data were analyzed using the MacSynergy II program (48) (49) (50) . The assignment of the potential importance of synergy or antagonism volumes was based on the guidelines provided in the MacSynergy II user's manual (49): Ͼ100 M 2 %, strong synergy; 50 to 100 M 2 %, moderate synergy; 25 to 50 M 2 %, minor synergy; Ϫ25 to 25 M 2 %, insignificant synergy/antagonism (additive); Ϫ50 to Ϫ25 M 2 %, minor antagonism; Ϫ100 to Ϫ50 M 2 %, moderate antagonism; ϽϪ100 M 2 %, strong antagonism.
